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SUMMARY
Modulation of immune function at the tumor site could improve patient outcomes. Here, we analyze patient
samples of metastatic melanoma, a tumor responsive to T cell-based therapies, and find that tumor-
infiltrating T cells are primarily juxtaposed to CD14+ monocytes/macrophages rather than melanoma cells.
Using immunofluorescence-guided laser capture microdissection, we analyze transcriptomes of CD3+

T cells, CD14 +monocytes/macrophages, andmelanoma cells in non-dissociated tissue. Stromal CD14+ cells
display a specific transcriptional signature distinct from CD14+ cells within tumor nests. This signature con-
tains LY75, a gene linked with antigen capture and regulation of tolerance and immunity in dendritic cells
(DCs). When applied to TCGA cohorts, this gene set can distinguish patients with significantly prolonged
survival in metastatic cutaneous melanoma and other cancers. Thus, the stromal CD14+ cell signature
represents a candidate biomarker and suggests that reprogramming of stromal macrophages to acquire
DC function may offer a therapeutic opportunity for metastatic cancers.
INTRODUCTION

Despite recent advances in T cell-based therapies for melanoma

and other cancers, mechanisms enabling immune escape

and tumor growth in distant tissues remain poorly defined.

Indeed, while improved survival has been documented for pa-

tients with metastatic melanoma treated with anti-cytotoxic

T-lymphocyte-associated protein (CTLA)-4 antibodies1 alone

or combined with anti-programmed death (PD)-1 antibodies,2 a

significant fraction of patients do not achieve prolonged survival

and succumb to treatment-resistant metastatic disease.2,3While

certain mechanisms of primary and secondary resistance to

these therapies are known, further elucidation of these pathways

is an important focus of study.4

Myeloid lineage cells serve multiple functions in the tumor

microenvironment: (1) antigen capture for T cell priming (den-

dritic cells [DCs]) or clearance,5 and/or presentation to memory

T cells (macrophages)6–8; (2) clearance of tissue products such

as apoptotic cells or necrotic debris (macrophages)7; (3) tissue

repair (macrophages)7; and (4) effector function (mast cells,

monocytes, granulocytes).9 However, our understanding of

myeloid cell biology remains incomplete, in part driven by the

importance of tissue context in dictating their cell states.10–12

For example, bone-marrow-derived macrophages or tissue-
Cell R
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resident macrophages transplanted into a new organ adopt the

signature corresponding to their new organ of residency.10

Mouse models of cancer have suggested that monocytes13

and macrophages play essential roles in tumor progression

and treatment resistance,6,14,15 thereby creating a rationale for

clinical trials targeting surface molecules such as CCR216,17

and CSF1R17–19 to mitigate infiltration of human tumors with

macrophages.

However, the functional characterization of macrophages in

human tissues has lagged behind. We and others have demon-

strated that blood offers a non-invasive and longitudinal mirror

into systemic processes associated with several diseases

including advanced cancer.20–22 Blood carries cells and cellular

components whose specific transcriptional programs or con-

tents differ between cancer types, further supporting this

concept.23 However, it is not yet established to what extent

blood represents tissue-specific processes. Indeed, tissue

macrophages sorted from endometrial and breast cancers are

transcriptionally distinct from monocytes and their respective

tissue-resident macrophages.23 High dimensional analytic ap-

proaches such as single-cell RNA sequencing (RNA-seq) and

single-cell mass cytometry have revolutionized the study of cells

composing tissues and the functional status of immune infiltrates

in human solid tumors, including metastatic melanoma.24–29
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Figure 1. Cellular maps of metastatic melanoma tumors

(A) Example ofmelanomawhole section scan. From left to right: melanoma antigens (blue) andCD45 (green); or CD3 (red); or CD14 (green); or CD3 (red) and CD14

(green). Scale bar, 700 mm.

(legend continued on next page)
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However, an inherent need to dissociate the tissue for single-cell

suspension-based analyses destroys certain information such

as tissue architecture, localization of particular cell types, and re-

gion-specific cellular interactions. To address this problem, here

we applied customized immunofluorescence-guided laser cap-

ture microdissection to analyze the transcriptome of T cells

andmacrophages in situ inmelanoma patient samples. Localiza-

tion-specific (intratumoral within melanoma nests versus tumor

stroma) transcriptional signatures distinguished macrophages

but not T cells. We observe that stromal macrophages contained

a gene expression signature linked with antigen capture and pre-

sentation (CD14+LY75+), which can distinguish patients with

significantly better long-term survival and includes a gene mod-

ule of monocyte-derived DCs. Thus, the CD14+LY75+ stromal

signature represents a candidate biomarker, suggesting reprog-

ramming of stromal macrophages to acquire a DC phenotype

might offer a therapeutic opportunity for metastatic melanoma.

RESULTS

Cellular maps of metastatic melanoma tumors
We examined a cohort of tumor samples from 20 patients with

metastatic melanoma (mostly untreated for their metastatic dis-

ease), thereby representing a failure of host immune response to

control the disease (Table S1). To establish relational cellular

maps in these tumors, we applied polychromatic immunofluo-

rescence labeling (nuclei, melanoma antigens, Ki67, CD45,

CD3, CD14, CD19/138) and confocal whole tissue section

(8 mm) scanning across tumor samples (Figure 1A). Data were

analyzed with a modified histocytometry approach30 using cell

nuclei to define spots followed by FlowJo-based gating and

quantification of fluorescence intensity. Leukocyte infiltrate

was defined by the expression of leukocyte common antigen

(LCA, CD45), which was further divided into major cell popula-

tions: CD14+ monocyte/macrophages, CD3+ T cells, and

CD19+/CD138+ B cells. Histocytometry revealed CD14+ cells

to be the most abundant leukocyte subset present in metastatic

melanoma tumors regardless of the organ/tissue site of metas-

tasis (skin, lymph node, lung, intestine, adrenal gland; median

51%, range: 35%–74% or treatment history) followed by CD3+

T cells (median 25%, range: 4.5%–42%) (Figures 1B and S1).

Staining of melanoma cells with a cocktail of antibodies against
(B) Composition of CD45+ infiltrate in metastatic melanoma by histocytometry. Ea

CI; red square represents tissues of non-lymphatic origin; n = 20.

(C) Top two panels depict iCD14+ cells (red) within melanoma clusters (green), le

Lower two panels depict sCD14+ cells (red) in stromal area, left panel, which are

(D) Neighborhood probability analysis reveals proximity of CD3+ T cells with mel

ability of proximity of CD3+ T cells with melanoma cells. CD3+ T cell proximity was

loaded CD14+ cells (CD14+Mel+), melanoma antigen-lacking CD14+ cells (CD14+

than zero indicates increased likelihood of proximity; n = 20. Line at Median with

(E) Ratio of CD14+ cells loaded with unprocessed melanoma antigen. Tumor-in

sCD14+ cells. Each square represents a different sample, bar indicates median v

(F) STED imaging of individual iCD14+ cells reveals intracytoplasmic localization

(red) and melanoma antigen (green). Left panel shows overlay of all channels, to

anoma antigen. Scale bar, 2 mm, n = 3.

(G) STED imaging reveals melanoma cells (white) interacting with iCD14+ cells (bl

shows opaque surface rendering for all channels together; scale bar, 5 mm. Righ

ization of intracytoplasmic melanoma antigen in iCD14+ cells and close interacti
melanoma-specific proteins MLANA (Melan-A; melanoma anti-

gen recognized by T cells 1, MART-1), PMEL (premelanosome

protein, Gp100) and TYR (tyrosinase) was used to define intratu-

moral (within tumor nests defined by the expression of mela-

noma proteins) and stroma (outside tumor nests) compartments

within the tumor tissue section. CD3+ T cells and CD14+ myeloid

cells were present in both intratumoral and stromal compart-

ments (Figures 1C and S2). Image analysis revealed preferred

proximity of CD3+ T cells with intratumoral CD14+ (iCD14+) cells

over melanoma cells (Figure 1C), similar proximity was observed

between CD3+ T cells and CD14+ cells in the stroma (Figures 1C

and S2). This was further confirmed using a variation of nearest

neighbor approach and a radial distribution function.31 There,

CD3+ T cells showed significantly higher probability of colocali-

zation with iCD14+ cells (p = 5.96 3 10�5) as compared with

the probability of colocalization with melanoma cells (Figure 1D).

A majority of iCD14+ cells displayed the presence of melanoma

antigen proteins in their cytoplasm (median 72%, range: 32%–

97%) (Figures 1E and S1), while only a minor fraction of

sCD14+ cells contained melanoma antigen proteins (median

7%, range: 1%–78.7%) (Figure 1E). Stimulated Emission Deple-

tion (STED) super resolution microscopy confirmed the intracy-

toplasmic localization of melanoma protein staining in iCD14+

cells (Figure 1F), thereby demonstrating their capacity to inter-

nalize products of melanoma cells. Finally, iCD14+ cells were

frequently in simultaneous proximity to both melanoma cells

andCD3+ T cells (Figure 1G), possibly acting as conduits of infor-

mation. Thus, CD14+ cells show defined spatial organization

across metastatic melanoma tumors from different organs.

Tumor region-specific transcriptional maps of CD14+

cells
To elucidate the nature of iCD14+ and sCD14+ cells in the tissue,

we analyzed their transcriptional profiles in situ by establishing a

laser capture microdissection (LCM)-based pipeline that allows

precise harvest of individual cells from non-dissociated tissues

(Figures 2A and S3). Briefly, after optimized immunofluores-

cence staining of optimum cutting temperature-embedded

frozen tissue sections (n = 2, 5-mm sections per patient; from

nine patients), individual cells were harvested from pre-defined

localizations in the tissue (GPS slide, Figure S3) using a custom-

ized Arcturus LCM microscope equipped with an infrared laser.
ch square represents a different sample, bar indicates median value with 95%

ft panel and iCD14 cells in close contact with CD3+ T cells (cyan), right panel.

also in close contact with CD3+ T cells (cyan), right panel. Scale bar, 20mm.

anoma antigen-loaded CD14+ cells and other CD3+ T cells versus lower prob-

determined with respect to melanoma cells (Mel+CD14�), melanoma antigen-

Mel�), other CD3+ T cells (CD3+), and other cell types (other). Log2FC greater

95% CI.

filtrating iCD14+ cells have a significantly higher ratio compared with stromal

alue with 95% CI; n = 20.

of non-processed melanoma antigen. Surface rendering of DAPI (blue), CD14

p right panel shows CD14 vs DAPI; lower right panel shows DAPI versus mel-

ue), which are also in contact with a CD3+ (green) CD8+ (red) T cells. Left panel

t panel shows transparent surface rendering for CD14 channel to allow visual-

on with CD3+CD8+ T cells. Scale bar, 3 mm, n = 4.
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Figure 2. Transcriptional maps of CD14+ cells

(A) Image of melanoma tissue stained for melanoma antigens (green) and CD14 (red), illustrating areas from which sCD14+ cells (green square) and iCD14+ cells

(white square) are individually harvested by LCM; scale bar, 30 mm.

(B) t-SNE plot of all iCD14+ (red triangles); sCD14+ (blue squares), and melanoma cells (green circles) harvested by LCM. Genes with raw read count >100 are

used in the t-SNE algorithm. The plot shows that cells are clustered based on tissue localization rather than by a cell lineage or by a sample, harvest on eight

different samples in duplicate.

(legend continued on next page)
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Overall tissue localization and harvest criteria for iCD14 and

sCD14 cells are further illustrated and described in Figure S3

and Table S1. Cells were immediately lysed for library prepara-

tion and next generation sequencing in small numbers (30–50

cells per localization) (Table S1). t-distributed stochastic

neighbor embedding (t-SNE) analysis of all harvested iCD14+,

sCD14+, and melanoma cells based on expression of genes

with over 100 reads yielded regions associated with tissue local-

ization that mirrored the protein staining (Figure 2B).

Analysis of leukocyte marker expression PTPRC (CD45),

myeloid lineage SIGLEC3 (CD33), and monocyte/macrophages

markers CD14 (CD14), LAMP4 (CD68), SCARI1 (CD163), and

MRC1 (CD206) confirmed cell monocyte/macrophage identity

(Figures 2C and S4). Consistent with protein staining, tran-

scripts coding for melanoma antigens MLANA, PMEL, and

TYRwere enriched in iCD14 over sCD14 suggesting the capture

of melanoma cell RNA in addition to melanoma antigen proteins

(Figure S4). Both iCD14+ and sCD14 + cells displayed transcrip-

tional markers associated with tissue residency including

CD206 (Figure 2C), TREM232, and SIGLEC1 (CD169)23 (Fig-

ure 2D). Because melanoma cargo could contribute to tran-

scriptional signatures of iCD14+ macrophages, we analyzed

differentially expressed genes between melanoma and iCD14

in an unbiasedmanner (Figure 2E and Table S2). This small sub-

set of genes was sufficient to cluster the cells separately (Fig-

ure 2E). Among the top genes defining iCD14+ cells were

CD14, TLR4, CD163, and SIGLEC1 (Figure 2F). Thus, mela-

noma tumor-infiltrating CD14+ monocyte/macrophages display

regional signatures.

Discrete differences in transcriptional programs of
intratumoral and stromal T cells
We next analyzed the transcriptome of iCD3+ and sCD3+ T cells

harvested with LCM (Table S2). In contrast to CD14+ cells, we

could not detect region-specific clustering of iCD3+ and sCD3+

T cells based on gene expression values (Figure 3A) nor could

we identify genes whose expression was statistically different

when comparing the transcriptomes of iCD3+ and sCD3+

T cells (false discovery rate [FDR] = 0.05). To gain a better insight

into the transcriptomes of CD3+ T cells based on their localiza-

tion, we applied less stringent criteria for analysis (75% quantile

transcript per million [TPM] >1 cutoff) (Figures 3B and 3C and

Table S2). T cells in both localizations expressed comparable

levels of PRF1 (perforin, a T cell effector molecule),GZMH (gran-

zyme H), IL15, and CCR7 (Figure 3D). iCD3+ T cells showed

higher expression of TIGIT (T cell immunoreceptor with immuno-

globulin and immunoreceptor tyrosine-based inhibitory motif

domains) (p = 0.03), TMC4 (an ion channel), and PBX2 (a tran-

scription factor potentially involved in T cell development)33,34

(Figure 3D). sCD3+ T cells showed a higher expression of
(C) Violin plots of gene expression for monocyte/macrophage genes PTPRC, CD

calculated in log2 TPM value. Line at median with 95% CI.

(D) Violin plots of gene expression for tissue residency genes TREM2 and SIGLE

calculated in log2 TPM value. Line at median with 95% CI. Wilcoxon paired test

(E) Unsupervised hierarchical clustering based on DEGs between all iCD14 up-re

(F) Violin plots of gene expression forCD14, TLR4, SCARI1, and SIGLEC1 across a

in log2 TPM value. Line at median with 95% CI.
CXCL14, a chemoattractant for macrophages, immature DC,

and natural killer (NK) cells35,36 (p = 0.039; Figure 3D) and of

UTP14C (ribosome biogenesis) (Figure 3D). Interestingly, the

exhaustion signature37 was present in CD3+ T cells from both lo-

calizations (Figure S9).

A unique stromal signature of CD14+ cells that corre-
lates with survival
Differential gene expression (DEG) analysis yielded 206 up-regu-

lated genes in iCD14+ cells and 282 up-regulated genes in

sCD14+ cells (fold change [FC] >2; FDR<0.05; genes whose

75% quantile is >0.5 TPM; Figure 4A and Table S2). This set of

genes clustered most samples according to intratumoral versus

stromal localization of CD14+ cells in the tissue. Among

transcripts overexpressed in the iCD14+ cells were several

genes implicated in the function of tissue macrophages, such

as BST1 (CD157), HPGDS (hematopoietic prostaglandin D syn-

thase), CD63 (LAMP3 involved in vesicular transport), BNIP3

(mitophagy receptor), andMARCKSL1 (involved in the regulation

of cytoskeleton in macrophages38) (Figure 4B). To further refine

the signature of iCD14+ cells, we identified DEGs up-regulated

in iCD14 cells as compared with sCD14+ cells and absent in mel-

anoma. This analysis enabled the identification of five transcripts

exclusively expressed by iCD14+ cells including BST1 and

HPGDS as well as ADORA339 and KCNK13,40 both of which

have been suggested to be associated with tissue macro-

phages; and FAM223A, a lincRNA with unknown function (Fig-

ure S4). Differential expression of BST1 was further confirmed

by immunofluorescence detection of protein, thereby validating

our approach (Figure 4C). Similarly, sCD14+ cells exclusively

expressed chemokine receptors including CCR2 transcript (Fig-

ure 4B) and protein (Figure 4D); several collagen coding tran-

scripts suggesting a role in organizing tumor stroma; ITGAX

(CD11c) and GSDMA and GSDMB (Figure 4E), a family of cyto-

solic proteins expressed under basal conditions mostly in mac-

rophages and dendritic cells, the skin, and mucosal epithelia,

which are the final mediators of pyroptosis.41

To evaluate the impact of iCD14+ and sCD14+ signatures on

disease outcomes, we leveraged the curated metastatic cuta-

neous melanoma The Cancer Genome Atlas (cohort).42 When

applied to 264 metastatic melanoma samples in this cohort,

the gene set based on iCD14+ signature clustered samples in

two groups (Figure 5A). However, no significant difference in sur-

vival between these two groups could be seen and this was not

impacted by subtraction of melanoma transcripts from iCD14+

signature (Figures 5A and S5). Gene set based on sCD14+ signa-

ture also stratified the TCGA metastatic melanoma samples and

those samples with high expression of sCD14+ signature dis-

played significantly improved long-term survival (p = 0.026,

Cox hazard ratio = 0.63) (Figures 5B and S5). Thus, sCD14+
14, SCARI1, MRC1 across all samples harvested by LCM. Gene expression is

C1 across all iCD14 and sCD14+ cells harvested by LCM. Gene expression is

.

gulated genes across all iCD14 and melanoma cells, harvested by LCM.

ll iCD14 andmelanoma cells harvested by LCM. Gene expression is calculated
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Figure 3. Transcriptional programs of intratumoral and stromal T cells

(A) t-SNE plot of all iCD3+ T cells (red triangles); sCD3+ T cells (blue squares), andmelanoma cells (green circles) harvested by LCM illustrates overlap of iCD3+ and

sCD3+ cells. Genes with raw read count >100 are used in the t-SNE algorithm.

(B) Venn diagramof expressed genes for iCD3+ and sCD3+ T cells. An expressed gene is defined as 75%quantileR1 TPM in the samples (PAL75). The plot shows

1,489 and 449 unique genes expressed by iCD3+ or by sCD3+ T cells, respectively.

(C) Heatmap representing top 50 genes in iCD3+ T cells (green and red) and sCD3+ T cells (orange and blue) across all CD3+ T cells harvested by LCM.

(D) Violin plots of gene expression for PRF1, GZMH, TIGIT, CXCL14, IL15, CCR7, UTP14C, PBX2, TMC4 across all iCD3 and sCD3+ T cells harvested by LCM.

Gene expression is calculated in log2 TPM value. Line at median with 95% CI. Wilcoxon paired test.
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Figure 4. Stromal signature of CD14+ cells
(A) Unsupervised hierarchical clustering based on differentially expressed genes between iCD14+ cells (206 up-regulated genes) and sCD14+ cells (282 up-

regulated genes); FC >2; FDR<0.05; 75% quantile R0.5 TPM.

(B) Candidate DEGs and their expression across all iCD14+ and sCD14+ cells. Expression values are shown in log2 TPM. Line at median with 95% CI. Wilcoxon

paired test.

(C and D) Immunofluorescence staining of melanoma samples confirming expression pattern of DEGs at the protein level. C = BST1 protein staining (red) only

expressed by iCD14+ cells (green, top right panel) compared with sCD14+ cells (green, lower right panel). Left top and lower panels shows localization of

melanoma nest (green); scale bar, 30 mm. (D) CCR2 (red right top and lower panel) only expressed by sCD14+ cells (green lower left); scale bar, 100 mm, while

iCD14+ cells (green top left) do not show CCR2 staining; scale bar, 30 mm. Representative images from whole tissue scan.

(E) Violin plots of gene expression for GSDMA and GSDMB across all iCD14 and sCD14+ cells harvested by LCM. Gene expression is calculated in log2 TPM

value. Line at median with 95% CI. Wilcoxon paired test.
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Figure 5. Survival analysis in TCGA cohorts

(A) Survival analysis of DEGs up-regulated in iCD14+ cells in curated TCGA metastatic melanoma cohort. The upper panel shows the boxplot of the gene set

enrichment score of the two patient groups stratified by the expression level of DEGs up-regulated in iCD14+ cells (see details in STAR Methods). The patient

(legend continued on next page)
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signature identifies metastatic melanoma patients with pro-

longed survival.

Stromal CD14+LY75+ cells in metastatic melanoma
tumors
To understand which genes from the sCD14+ cell signature were

contributing to the observed difference in survival of patients

stratified based on the expression of sCD14+ gene set, we iden-

tified DEGs between the two clusters of TCGA samples, and

ranked them by adjusted p values with Benjamini-Hochberg pro-

cedure (Table S3). The top 10 genes driving the TCGA clustering

of metastatic melanoma samples and the difference in survival

overlapped with our sCD14+ cell signature (Table S3). Among

these, we identified LY75 (DEC-205 or CD205)43 and CD2.

LY75 expression, together with that of CD2 and CD14, stratified

the patients in two groups, and overexpression of these three

genes correlated with improved survival (p < 0.0001, Cox hazard

ratio = 0.39) (Figure 5C). This was specific to metastatic disease

and independent of the localization of metastatic disease (lymph

node versus distant organs) (Figure S6). Thus, CD14 CD2 LY75

signature in the stroma differentiates metastatic cutaneous mel-

anoma patients with improved survival and contributes to the

stromal genemodule. Expression of these three genes was high-

ly correlated with each other (Figures 5D and 5E) and the patients

whose tumor samples displayed the highest expression of all

three genes (Figure 5F) showed the best overall survival

(p < 0.0001, Cox hazard ratio = 0.4 Figure 5G). Expression of

CD14, CD2, and LY75 was significantly associated with sample

lymphocyte density and score (Figures 5H and S6). Sample clus-

tering based on co-expression of CD14 CD2 and LY75 was

associated with improved hazard ratio (HR = 0.4) compared

with clustering based on lymphocyte density (HR = 0.52) or score

(HR = 0.63) (Figures 5G, 5I, and S6), suggesting the importance

of the quality of lymphocyte infiltrate. Finally, the expression of
group with higher and lower median gene set enrichment score is named as the ‘‘

the boxplot. The lower panel shows the long-term survival curve for the two group

have significantly different survival outcome, with p value = 0.21. The hazard ratio

groups are indicated in the plot.

(B) Similar plot as (A), but for DEGs up-regulated in sCD14+ cells. The long-term s

cohort show significantly different survival outcome, with p value = 0.026 and haz

has better survival outcome than the group with ‘‘low’’ sCD14 gene set enrichme

(C) Similar plot as (A) but for three genes: CD14, CD2, and LY75. The long-term s

cohort show significantly different survival outcome, with p value < 0.0001 and h

CD14, CD2, and LY75 has better survival outcome than the group with ‘‘low’’ ge

(D) Correlation analysis of CD14, CD2, and LY75 in the TCGA metastatic melan

values. The histograms of the expression distribution of each of the three gene

correlation coefficient with p value of any two of the three genes are shown in th

(E) 3D scatterplot of gene expression of CD14, CD2, and LY75 in the TCGA metas

CD14, CD2, and LY75, respectively. The mean expression value of CD14, CD

(CD14+CD2+LY75+, CD14+CD2+LY75�, CD14+CD2�LY75+, CD14+CD2�LY
CD14�CD2�LY75�). The colors of the points indicate the group that a patient be

(F) Similar plot as (E) but for CD14+CD2+LY75+ versus the rest of patients in the T

patients are highlighted by red and black, respectively.

(G) The long-term survival curve for the two groups of patients defined in (F). The

The hazard ratio value, 95% confidence interval, and number of patients in the C

(H) Expression comparisons between low lymphocyte density group and high lym

test p value is indicated in each plot.

(I) The survival analysis between the low lymphocyte density group and the high lym

the low group with HR = 0.52 and p value = 0.0014.
these three genes in the stroma also differentiated patients

with improved survival in sarcoma (regardless of the subtype)

(Figure S7), adrenal carcinoma, and diffuse large B cell (DLBC)

lymphoma (Figure 6).

In our cohort, LY75 is preferentially expressed in stromal areas

of melanoma tumors (regardless of tissue localization of metas-

tases), asmeasured at the RNA level via LCM (Figure 7A) or in tis-

sues via in situ hybridization (Figure S8), as well as at the protein

level in tumor stromal areas (Figure S8), and in sCD14+ cells

where it can also be co-expressed with CD2 (Figure 7D; Pearson

correlation = 0.612, Figure S8). Co-expression of CD2 with CD14

suggests a contribution of monocyte-derived DCs.44 Further-

more, expression of LY75 shows positive correlation with the

expression of major histocompatibility complex (MHC) genes,

such as HLA-DOB (Figure 7B) and HLA-F (Figure 7C). Finally,

at the protein level, these cells express surface MHC class I

andHLA-DR (Figures 7E and 7F) suggesting amature DC pheno-

type capable of presenting antigen to T cells.45 Thus, the

CD14CD2LY75 signature in the stroma of metastatic cutaneous

melanoma tumors is suggestive of an ongoing immune

response, including a gene signature of monocyte-derived DCs

and correlating with improved survival.

DISCUSSION

Tumors are organized tissues with numerous reciprocal local

and systemic connections with immune cell populations of

both the myeloid and lymphoid lineages.46 Here we find that

in metastatic melanoma, discrete tumor microenvironments

exist that are infiltrated by CD14+ monocyte/macrophages

with distinct transcriptional and proteomic phenotypes. iCD14+

cells, those localized deeply in the melanoma nests, uniformly

display melanoma cargo across all tissue samples, indicating

their phagocytic/endocytic capacity. iCD14+ cells display
high’’ and ‘‘low’’ group, respectively. Nonparametric test p value is indicated in

s of patients in the TCGA metastatic melanoma cohort. The two groups do not

value, 95% confidence interval, and number of patients in the ‘‘high’’ and ‘‘low’’

urvival curve for the two groups of patients in the TCGA metastatic melanoma

ard ratio = 0.63, where the group with ‘‘high’’ sCD14 gene set enrichment score

nt score.

urvival curve for the two groups of patients in the TCGA metastatic melanoma

azard ratio = 0.39, where the group with ‘‘high’’ gene set enrichment score of

ne set enrichment score.

oma cohort. The gene expression of CD14, CD2, and LY75 are in log2 FPKM

s, the pairwise scatterplots of any two of the three genes, and the Pearson’s

e plot. Three red asterisks indicate the p value is less than 0.001.

tatic melanoma cohort. The x axis, y axis, and z axis indicate the log2 FPKM of

2, and LY75 are used as the thresholds to define eight groups of patients

75�, CD14�CD2+LY75+, CD14�CD2+LY75�, CD14�CD2�LY75+, and

longs to.

CGA metastatic melanoma cohort. The CD14+CD2+LY75+ and the rest of the

two groups have significantly different survival outcome with p value <0.0001.

D14+CD2+LY75+ and ‘‘rest’’ groups are indicated in the plot.

phocyte density group for CD14, CD2, and LY75, respectively. Nonparametric

phocyte density group, where the high group has better survival outcome than
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Figure 6. Survival analysis of CD14, CD2, and

LY75 in adrenocortical carcinoma, sarcoma,

and DLBC

(A) Survival analysis of CD14, CD2, and LY75 in

TCGA adrenocortical carcinoma cohort. The left

panel shows the boxplot of the gene set enrichment

score of the two patient groups stratified by the

expression level of CD14, CD2, and LY75 (see de-

tails in STAR Methods). The patient group with

higher and lower median gene set enrichment score

is named as the ‘‘high’’ and ‘‘low’’ group, respec-

tively. Nonparametric test p value is indicated in the

boxplot. The right panel shows the long-term sur-

vival curve for the two groups of patients in the

TCGA adrenocortical carcinoma cohort. The two

groups have significantly different survival outcome

with p value = 0.0012. The hazard ratio value, 95%

confidence interval, and number of patients in the

‘‘high’’ and ‘‘low’’ groups are indicated in the plot.

(B) Similar plot as (A) but for TCGA sarcoma cohort.

(C) Similar plot as (A) but for TCGA DLBC cohort.
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transcriptomes consistent with their monocyte/macrophage

origin and can be distinguished by unique transcriptional profiles

from melanoma cells as well as from sCD14+ cells localized to

stromal regions outside the melanoma nests. Whereas some of

the uniquely expressed iCD14+ transcripts have been linked

with tissue-resident macrophages, the relatively homogeneous

expression pattern across metastatic tumors from different or-

gans (skin nodules, visceral tumors, and distant lymph nodes)

suggests either reprogramming of local macrophages on arrival

of melanoma cells and/or contribution of bloodmonocytes to the

macrophage pool at metastatic sites. iCD14+ signature did not

stratify patients in the TCGA cohort. iCD14+ cells also display

proximity to both melanoma cells and CD3+ T cells, suggesting

a possible active engagement and crosstalk.

sCD14+ cells localized in tumor stroma also displayed tran-

scriptomes consistentwithmonocyte/macrophage origin; howev-

er, they exhibited unique transcriptional profiles divergent from

iCD14+ cells. In addition to immune cells, these stromal areas

that lack tumor cells likely contain a mix of components, including

fibroblasts, endothelial cells, and extracellular matrix. While the

contributions of each element will need to be determined, impor-
10 Cell Reports Medicine 3, 100621, May 17, 2022
tantly, iCD14+ and sCD14+ gene signatures

stratified patients in the TCGA dataset into

two cohorts with significantly different sur-

vival. This was mostly driven by the

sCD14+ signature (consistent with hetero-

geneous gene expression across samples),

and improved long-term survival was

linked with three genes CD14+LY75+CD2+.

These three genes are suggestive of the

presence of monocyte-derived DCs and,

thus, macrophage reprogramming rather

than depletion might offer novel therapeutic

avenues. Indeed, our earlier studies show

that macrophages can acquire DC pheno-

type and function until later stages of their

ex vivo differentiation.47
Several interesting questions regarding the function of CD14+

cells in the tumor microenvironment arise from our studies. First,

we were surprised to find that in anymetastatic melanoma tumor

from any organ, a majority of iCD14+ cells were loaded with un-

processed melanoma proteins. As one of the major functions of

tissuemacrophages is the clearance of cell debris, this raises the

question if iCD14+ cells are unable to degrade melanoma cargo

because of a high turnover of melanoma cells, or perhaps due to

tumor-driven inhibition of their protein degradation machinery.

Second, are sCD14+ cells enriched in the stroma due to retention

by CCR2-mediated signaling, rather than trafficking to the tu-

mor-draining lymph node? Alternatively, they may be essential

for communication between the lymph node and the stroma,

as well as for the organization of tumor stroma and reactivation

of antigen-specific T cells. Third, it remains to be elucidated

whether there is cell trafficking between iCD14+ and sCD14+

compartments. This question may be addressed in humanized

mouse models of melanoma using a cell fate-tracking approach;

indeed, we have shown using humanized MISTRG mice that hu-

man CD14+ cells are able to control the growth of melanoma and

display a macrophage phenotype.48 Fourth, are the stromal
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Figure 7. Stromal CD14+ LY75+ cells

(A) Violin plot of LY75 expression in iCD14+ and sCD14+ cells harvested by LCM. The y axis shows log2 of TPM value. sCD14+ cells have significantly higher

expression compared with iCD14+ cells (t test; p = 0.002). Red dots indicate metastasis to non-lymphatic tissues.

(B) Significantly positive correlation between LY75 and HLA-DOB expression in sCD14 cells (simple linear regression p = 0.0137).

(C) Significantly positive correlation between LY75 and HLA-F expression in sCD14 cells (simple linear regression p =0.0346).

(legend continued on next page)
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areas a replacement of cleared tumor, hence the predictive

power of sCD14+ signature? Indeed, sCD14+ cells display

melanoma transcripts possibly indicating a prior interaction

with melanoma cells. Fifth, are CD14+CD2+LY75+ cells

associated with better response to immunotherapies? So far,

this question remains open, as we could not make conclusive

observations across three different public datasets with

melanoma tissue RNA-seq (possibly due to relatively short

follow-up and significantly lower gene detection levels

compared with TCGA cohort [Figures S10 and S11]). Finally, it

remains to be determined whether the proximity of cells reflects

a transient ‘‘passing by’’ phenomenon or a true interaction.

The LY75 gene encodes the DEC-205 receptor, which can

be expressed by essentially any human cell of hematopoietic

origin (reviewed in Del Fresno and Sancho49). It is a member

of the macrophage mannose receptor protein family whose

ligands include phosphorothioated cytosine–guanosine oligo-

nucleotides, often seen in bacterial or viral DNA, and a large

variety of ligands many of which can be present in the tumor

microenvironments, such as oxidized low-density lipoprotein,

keratins, and apoptotic and necrotic cells (reviewed in Del

Fresno and Sancho49). DEC-205 is associated with DCs,43,50

and targeting antigen in vivo via DEC-205 can lead to a very

efficient antigen capture and presentation yielding either

T cell response or T cell tolerance, based on the DC activation

status.51,52 Thus, by targeting DEC-205, the immune response

can be modulated to promote anti-viral53 or anti-cancer54

immunity or tolerance in diabetes.55 DEC-205 can also be

expressed in macrophages in certain tissue conditions and

localization.56,57 Our findings on the positive correlation be-

tween expression of LY75 in melanoma and patient survival

are in line with a recent study58 showing that LY75 expression

in whole tumor samples from TCGA datasets significantly

correlated with good patient survival and, using computational

approaches, demonstrating a correlation between LY75

expression, and NK cell infiltration and activation in melanoma.

Herein, we show LY75 expression predominantly in the tumor

stroma and it is possible that both NK cells as well as DCs

contribute to this. Furthermore, the described correlation with

NK cell activation,58 taken together with our demonstration of

sCD14+ LY75+ CD2+ DCs, might reflect the cross-talk between

monocyte-derived DCs and NK cells.59 Which mechanisms link

such cross-talk in the stroma with improved patient survival

remains to be established.

We analyzed the transcriptome of T cells defined in an unbi-

ased fashion by the expression of CD3. Interestingly, we could

not establish a statistically significant localization-specific signa-
(D) Surface rendering of high-resolution confocal microscopy. Top panel shows

HLA-ABC (green) and HLA-DR (blue). Nuclei shown in white; scale bar, 4 mm, n

also CD2+ (blue). Nuclei shown in white. Scale bar, 2 mm, n = 3.

(E) Comparison of HLA-DR cellular localization between cCD14 and iCD14+ cells

along with melanoma (white) and DAPI (blue) staining. For sCD14+ cells, HLA-DR

HLA-DR (left) and CD14 (right) surfaces were rendered transparent to reveal the

ization for HLA-DR between iCD14+ and sCD14+ cells. Scale bar, 30 mm, n = 3.

(F) Intracellular clustering of HLA-DR in iCD14 cells. Left panels represent intensi

CD14 surface rendering (yellow); melanoma cells surface rendering (white); DA

transparent to reveal HLA-DR high-intensity signal in the form of cytoplasmic clust

10 mm, n = 3.
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ture of CD3+ T cells when comparing iCD3+ and sCD3+.

A possible explanation is that the exhaustion signature that

was present in both localization blunts more subtle signatures

(Figure S9). Alternatively, this reflects the plasticity of myeloid

cells,60,61 which are much more context/tissue dependent than

T cells.

By focusing on functional distinctions between iCD14+ and

sCD14+ cells, such as presenting different antigen load and

engaging with T cells as well as with other surrounding non-he-

matopoietic cells, our approach attempts to supersede the char-

acterization of transient subtypes based on expression of

markers. That the resulting signatures predict patient survival

in an unrelated cohort suggests their operational relevance

across tumor types. Future studies combining functional and

architectural parameters will further expand our understanding

of disease biology and will be essential to the design of novel

treatments.

Limitations of the study
Our study showed that co-expression ofCD14,CD2, and LY75 in

tumor stroma significantly correlates with improved long-term

survival in patients with metastatic melanoma and other cancer

types. However, correlation does not equal causation and further

mechanistic studies are needed to establish the role of

CD14+LY75+CD2+ cells in T cell-driven cancer immunity.

The LCM approach is possibly linked with ‘‘contamination’’

from co-harvested cells as well as from phagocytic cargo and

captured exosomes, both containing RNA. Novel spatial tran-

scriptomic technologies might reach subcellular resolution that

might help overcome these limitations. Finally, we did not detect

differentially expressed genes between T cells harvested from

different locations. It is possible that the depth of sequencing

was a limiting factor. Alternatively, T cell receptor specificity

rather than T cell transcriptome might represent a discriminating

parameter.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti human CCR2 Abcam RRID:AB_1603737

anti mart1 Novus Biologicals cat#NBP2-34245

anti gp100 LS Bio cat#LS-C191683

anti CD14 BIO RAD RRID:AB_324590

anti CD3 BV421 Biolegend RRID:AB_10962690

anti CD45 AF488 Biolegend RRID:AB_389314

anti Ki67 AF555 BD Pharmingen RRID:AB_647108

anti CD14 AF594 Biolegend RRID:AB_2563225

anti CD19 AF700 Biolegend RRID:AB_493751

anti CD138 AF700 Biolegend RRID:AB_2562639

anti Melanoma Ag AF488 Novus Biologicals cat#NBP2-34681AF488

anti Melanoma Ag AF647 Novus Biologicals cat#NBP2-3468AF647

anti LY75 AF647 Biolegend RRID:AB_1626203

anti CD8 AF647 Biolegend RRID:AB_2564166

anti CD2 AF700 Biolegend RRID:AB_2800721

anti BST1 Thermo Fisher RRID:AB_529488

anti HLA-ABC eBioscience RRID:AB_468661

anti HLA-DR AF700 Biolegend RRID:AB_893565

anti mouse IgG2a AF568 Invitrogen RRID:AB_2535773

anti mouse IgG2b AF647 Invitrogen RRID:AB_2535811

Chemicals, peptides, and recombinant proteins

Fc Receptor Blocker Innovex Cat#NB309

Background Buster Innovex Cat#NB306

Fluoromount G SouthernBiotech Cat#0100-01

Cover Glass Thermo Scientific Cat#152450

Slides Denville Scientific Cat#M1021

Saponin Sigma Cat#S7900-100G

Bovin serum albumin IgG free Jackson Immuno Research Cat#001-000-162

Sytox blue Thermo Fisher cat#S11348

DAPI Thermo Fisher cat#D1306

CapSure LCM Macro caps ThermoFisher Cat#LCM0211

Superase in RNase hibitor ThermoFisher Cat#AM2696

Ethanol Fisher Cat#BP2818-4

Acetone Fisher Cat#A18-4

Xylene Fisher Cat#X3S-4

Eosin Fisher Cat#245-827

Hematoxylin Fisher Cat#245-653

Cytoseal Thermo Scientific Cat#8310-16

Critical commercial assays

Human PMEL ViewRNA type 6 probe Affymetrix Cat#VA6-17167

human LY75 ViewRNA type 1 probe Affymetrix Cat#VA1-3003336

QuantiGene ViewRNA ISH tissue assay kit Affymetrix Cat#QVT0012

RNase-free DNase Qiagen Cat#79254

RNeasy Mini kit Qiagen Cat#74104

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Qubit RNA HS Assay Kit Invitrogen Cat#Q32852

Agilent RNA 6000 Pico kit Agilent Cat#50671513

PicoPureTM RNA Isolation Kit ThermoFisher Cat#KIT0204

NEBNext� UltraTM II DNA Library Prep

Kit for Illumina

New England Biolabs Cat#E76345S

96 microTUBE-50 AFA Fiber Plate COVARIS Cat#520168

Bioanalyzer High Sensitivity DNA Analysis Agilent Cat#50674626

QubitTM dsDNA HS Assay Kit Invitrogen Cat#Q32851

SMART-Seq� v4 Ultra� Low Input

RNA Kit for Sequencing

Takara Cat#634889

Software and algorithms

Imaris 9.0.2 and 9.4 Bitplane N/A

Prism v8 Graph Pad N/A

Flowjo V10 Flowjo LLC N/A

R v4.0.5 https://www.r-project.org/ N/A

RSEM v1.3.3 https://github.com/deweylab/RSEM/releases/tag/v1.3.3 N/A

Rtsne v0.15 R package (https://github.com/jkrijthe/Rtsne) N/A

edgeR v4.1 R package (https://bioconductor.org/packages/release/

bioc/html/edgeR.html)

N/A

pheatmap v1.0.12 R package (https://cran.r-project.org/web/packages/

pheatmap/index.html)

N/A

limma v3.46.0 R package (https://bioconductor.org/packages/release/

bioc/html/limma.html)

N/A

‘survminer’

ggplot2’(R package version 03 1

R package

https://rpkgs.datanovia.com/survminer/index.html

N/A

Performanceanalytics R package

https://github.com/braverock/PerformanceAnalytics

N/A

Package ‘‘car’’ R package

https://r-forge.r-project.org/projects/car/

N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact: Karolina

Palucka (Karolina.palucka@jax.org)

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All raw sequencing data generated for this study have been deposited to dbGap accession # phs002564.v1.p1.

d All processed sequencing data generated for this study have been deposited to GEO and are publicly available. Accession #

GSE180124.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Metastatic melanoma tissues obtained either from the Baylor University Medical Center (BUMC) or from the Cooperative Human

Tissue Network (CHTN) were exempt under the Jackson Laboratory IRB review: IRB#2018-40 and IRB #2018-043. Patient cohort

is detailed in Table S1.
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METHOD DETAILS

Immunofluorescence staining protocol
All patient samples first underwent screening for tissue quality and integrity assessed by H&E staining and RNA integrity score. Tis-

sues that passed the screening were processed for Immunofluorescence. Cryosections (8um) were acetone fixed, air dried, washed

with PBS and consecutively treated with Fc Receptor Block (Innovex bioscience) for 40 min + Background Buster (Innovex biosci-

ence) for an additional 30 min. The sections were then stained with primary antibodies, diluted in PBS + 5% BSA 0.1% Saponin for 1

hour at room temperature, washed and stained with the secondary antibodies at room temperature for 30 minutes. If staining panel

included staining with directly conjugated antibodies, tissues were washed, and secondary antibodies were saturated using mouse

normal serum diluted at 1/20 in PBS for 15 minutes at room temperature. Tissues were stained with directly conjugated antibody mix

for 1 hour at room temperature and washed. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (1ug/mL) or SytoxBlue

1/1000 for 2 minutes. Tissues were mounted in Fluoromount-G mounting media. Images were acquired using a Leica SP8 confocal

microscope.

Whole section scan
Whole tissue sections were stained following our immunofluorescence staining protocol. Whole tissue scans were acquired on the

Leica SP8 confocal microscope equipped with an automated motorized stage. Sequential acquisition was performed with 20 or 40X

objective. Spectral unmixing was achieved with combination of white light laser, allowing for each fluorophore to be excited by a

unique and customized laser line, and with tunable detection window for each marker. Sequential acquisition further decreased

the risk of spectral overlap with fluorophores being excited and acquired two or one at a time. For each tile, focal plan was defined

by autofocus function based on nuclear staining. Tiles were max projected and stitched using Leica LAS X software.

Super resolution microscopy
Tissue sections were stained following a modified immunofluorescence staining protocol with 4 fold increase in antibody concentra-

tion and one additional wash at each washing step. Mountingmedia was left to cure for 72 hours. Super resolution acquisition was on

an inverted Leica SP8 confocal microscope equipped with STED modules, with 3 depletions lasers and an HC PL APO 93X/1.30

GLYCmotCORR objective. Z-stacks were acquiredwith the 3D STED function using 660 and 775nmdepletion laser. Images analysis

and surface rendering were performed with Imaris software.

Histo-cytometry
Tissue sections were stained following immunofluorescence staining protocol. Whole tissue scans were acquired as previously

described. Each scan was then analyzed using Imaris software. Using the ‘‘spot’’ function in Imaris, the images were subdivided

into individual cells with a nucleus diameter equal or larger than 5 mm used as a seeding point to extend each cells’ surface. The ac-

curacy of the segmentation wasmanually verified for each sample and adjusted if needed. Finally, for each generated spot, its x and y

coordinates and the sum intensity values for all channels were exported into a fcs file to be visualized and quantified using Flowjo

software.

Neighborhood probability analysis
This is calculated as a log2-fold change in the likelihood of two cell types being in close proximity as compared to an expected dis-

tribution of cells based null-permuted local microenvironment. Close proximity is defined by a pair of cells having nomore than 1 pixel

distance between their respective membranes. We initially iterate through each CD3+ cell in a sample and count the number of cells

from each cell type of interest considered in close proximity. These counts are split by whether they reside within the tumor or in the

stroma region. The counts are converted to a probability by dividing the individual counts by the total count of cells in close proximity

for each region.We then create the expected probability of close proximity for each cell typewith permuted local microenvironments.

We again iterate through each CD3+ cell, this time randomly permuting the labels of all cells within 100 mmand count the cells in close

proximity based on cell type. This permutation is repeated a total of 1000 times for each CD3+ cell. The close proximity counts for

each cell type of interest is divided by the total as above to generate the expected probability of a CD3+ cell observed in close prox-

imity to the cell type of interest. The final output is the log2-transformed value of the observed probability divided by the expected

probability, with positive values representing CD3+ cells more likely to be observed in close proximity to a cell type of interest

than expected based on the local distribution of cells. Statistical tests are applied to the cohort-level values as opposed to sam-

ple-level values to highlight trends across different tissues.

RNA in situ hybridization
RNA transcripts were visualized in OCT-embedded tissue sections using the QuantiGene ViewRNA ISH tissue assay kit (Affymetrix,

Santa Clara, CA). The assay was performed according to the tissue-based ViewRNA assay protocol with formaldehyde fixation and a

20-min protease treatment. ViewRNA probes were detected at 650 nm using a Leica TSC SP8 confocal microscope at 403

magnification.
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Laser capture microdissection
Tissues for LCM were assessed for their structure and integrity by Hematoxylin and Eosin (H&E) staining. Total RNA of whole tissue

section was purified usingmirVanamiRNA Isolation Kit (Invitrogen). RNA integrity was assessed using the Bioanalyzer 2000 (Agilent).

LCMstaining protocol : cryosectionwere fixed in cold acetone and briefly air dried, immunofluorescence stainingwas performed on a

HistoGene cold bloc (ThermoFisher) using modified immunofluorescence staining protocol with higher concentration of conjugated

antibodies, all reagents included SUPERase inhibitor (ThermoFisher). After staining, samples were dehydrated in 75%, 95% and

100% Ethanol successively, the incubated 5 min in Xylene and air dried. Laser capture microdissection was performed on an

Arcturus XT LCM with CapSure Macro LCM caps (ThermoFisher). After harvest, RNA was isolated with PicoPure RNA isolation kit

followingmanufacturer protocol. SMART-Seq V1/V4 Ultra Low Input RNA Kit was used for cDNA synthesis and amplification. cDNAs

were processed to the library preparation with NEBNext DNA Library Prep Master Mix Set for Illumina and 75bp single reads were

used on Illumina NextSeq 500 or Novaseq sequencer (Illumina).

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq analysis
The RNA-seq reads were first screened by a quality control (QC) process. Specifically, bases with quality value lower than 30 were

trimmed from the 3’ end of the read, and only reads with more than 50% bases of good quality were kept. Then, the reads were

aligned to the human genome (GRCh38) using RSEM62 with the following parameters, –phred33-quals –seed-length 25 –forward-

prob 0.5 –time –output-genome-bam –bowtie2. The gene-level read counts and TPM values were collected from RSEM results.

Only protein-coding genes and lincRNAs were kept in the downstream analysis. T-SNE plots were generated using Rtsne in R.

Differential Expression Gene (DEG) analysis was done by edgeR.63 Raw p-values were adjusted for multiple hypothesis test by

Benjamini-Hochberg (BH) procedure. All the heatmaps were generated by the R package, pheatmap. The Venn Diagrams were

generated by function VennDiagram in R package, limma.64

Survival analysis in TCGA
The survival analysis was done using R package, survival65 and survminer. For each investigate gene list, we stratified the TCGA sam-

ples to two groups based on the expression level of these genes. If there was only one gene in the list, we use themedian FPKMof the

gene as the cutoff to stratify the samples to the ‘‘high’’ and ‘‘low’’ TCGA samples. And then we compared the survival outcome of the

two groups, indicated the hazard ratio, and reported the p-value by using function coxph in R package survival.65 If there were more

than one gene in the list, we first clustered the TCGA samples to two groups based on the expression level of these genes using hi-

erarchical clustering with function hclust in R package, stats. Then, we checked the gene set enrichment scores of the two groups

using the function gsva in R package, GSVA.66 We named the group with higher and lower gene set enrichment score as the ‘‘high’’

and ‘‘low’’ group, respectively. Then, we compared the survival outcome of the two groups, indicated the hazard ratio, and reported

the p-value by using function coxph in R package survival.65

Correlation analysis of CD14, CD2, and LY75
The correlation analysis was done based on the log2 FPKM values of CD14, CD2, and LY75 in the metastatic melanoma samples in

TCGA using function chart. Correlation in the R package, PerformanceAnalytics. The Pearson’s correlation coefficients as well as the

p-values were reported in each pairwise comparison. The histogram of the log2 FPKM of CD14, CD2, and LY75, as well as the pair-

wise scatter plots were also shown in the correlation graph. The 3-D scatter plot of log2 FPKM of CD14, CD2, and LY75 was gener-

ated using function scatter3d in the R package, car (Fox, 2012). In the survival analysis of CD14+CD2+LY75+ samples, we first

defined the samples with the log2 FPKM values of all three genes larger than or equal to their corresponding mean expressions

as the CD14+CD2+LY75+ samples. And then we compared the survival outcomes of the CD14+CD2+LY75+ samples with the

rest TCGA samples, indicated the hazard ratio, and reported the p-value by using function coxph in R package survival.65 The

same procedure was performed for CD14-CD2-LY75- samples. Specifically, we first defined the samples with the log2 FPKM values

of all three genes smaller than their corresponding mean expressions as the CD14-CD2-LY75- samples. And then we compared the

survival outcomes of the CD14-CD2-LY75- samples with the rest TCGA samples, indicated the hazard ratio, and reported the p-value

by using function coxph in R package survival.65
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